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In recent years, based on deep sequencing or microarray analysis, several publications have 109 appeared reporting changes in the expression levels of cellular miRNAs in insects in response to 110 pathogen infection, although in the majority of these cases functional analyses are still lacking. For 111 example, the abundance of a large number of miRNAs was changed in Spodoptera frugiperda (Sf9) 112 cells following infection with Autographa californica multiple nucleopolyhedrovirus (AcMNPV).
113
These included several upregulated miRNAs (e.g. miR-184, miR-998 and miR-10) at 24 h post-114 infection (hpi), with expression of some of those downregulated at 72 hpi (Mehrabadi et al., 2013) . 115 In addition, three of the novel S. frugiperda miRNAs identified in the study showed upregulation In Bombyx mori larvae infected with B. mori cytoplasmic polyhedrosis virus (BmCPV), 58 122 miRNAs were found significantly up or downregulated in the midgut as compared with that of non-123 infected larvae at 72 and 96 hpi (Wu et al., 2013) . Based on gene ontology (GO) analysis, the 124 putative target genes of six of the differentially expressed miRNAs (bmo-miR-275, miR-14, miR-125 1a, N-50, N-46 and N-45) were associated with response to stimulus and immune system process.
126
The authors speculated that significant increases in miR-275 levels following BmCPV infection 127 could explain the stunted growth phenotype in virus-infected B. mori, since the miRNA has been 128 shown to regulate development during metamorphosis (Liu et al., 2010) . In another study, 129 7 microarray analysis showed differential expression of at least 20 miRNAs in a Heliothis zea fat 130 body (HzFB) cell line upon infection with Heliothis virescens ascovirus (HvAV3e) with three of 131 them (Hz-miR-24, -22, -7) significantly downregulated (Hussain and Asgari, 2010) .
132
Arthropod-borne viruses (arboviruses) have also been demonstrated to alter the host miRNA 133 profile. For example, in Culex quinquefasciatus infected with West Nile virus (WNV) 134 downregulation of miR-989 and upregulation of miR-92 was noted (Skalsky et al., 2010) . Deep 135 sequencing analysis of Aedes aegypti mosquitoes infected with dengue virus (DENV) at 2, 4 and 9 136 days post-infection revealed differential abundance of 35 miRNAs. Among those miR-5119-5p, 137 miR-34-3p, miR-87-5p and miR-988-5p were upregulated (Campbell et al., 2013) . As more of these 138 studies emerge, it will become possible to carry out comparative studies to find out which miRNAs 139 are commonly involved in host-pathogen responses in different host insects and whether particular 140 miRNAs could be specifically regulated in response to particular groups of pathogens (e.g. viruses, 141 bacteria, etc). 
Cellular miRNAs target viral genes 143
Given alteration of the abundance of host miRNAs following infection, it is likely that some of 144 those could directly target viral genes. For instance, in H. zea HzFB cells, miR-24 downregulates 145 DNA dependent RNA polymerase II RPC2 (DdRP; ORF64) and DdRP β subunits (DdRP; ORF82) 146 of HvAV3e (Hussain and Asgari, 2010). Interestingly, this miRNA is selectively downregulated 147 early in infection allowing transcription of viral genes required for virus replication suggesting that 148 the virus may actively suppress host miRNAs that directly target its genes. Relevant to this, in B. 149 mori, several targets of the cellular bmo-miR-8 were predicted in Bombyx mori 150 nucleopolyhedrovirus (BmNPV) genes (see below). Inhibition of this miRNA led to 8-fold increase 151 in viral titre in the fat bodies of infected larvae (Singh et al., 2012) .
152
A recent paper highlighted the possibility of utilizing cellular miRNAs as a tool to target virus 153 genes as a control strategy (Zhang et al., 2014a) . This work was conducted in B. mori against 154 BmNPV using three cellular miRNAs; bmo-miR-279, bmo-miR-92b, and bmo-miR-2764. 155 8 Accordingly, the cellular pre-miRNA sequences were used as backbone to replace the natural 156 miRNA duplex sequences with artificial siRNA duplex sequences targeting the viral lef-11 gene, 157 which is involved in virus replication (Zhang et al., 2014a) . For this, a virus inducible artificial 158 miRNA (amiRNAs) expression cassette was constructed targeting the viral gene. Infection with the 159 virus stimulates the baculovirus-induced promoter 39K included in the expression cassette leading 160 to production of pre-amiRNA and eventually formation of siRNA duplexes. The mature amiRNAs 161 successfully inhibited BmNPV proliferation by downregulating the lef-11 gene in silkworm BmN-162 SWU1 cells. It will be interesting to see if the approach could be utilized in whole insects to inhibit 163 BmNPV replication without compromising the insect's fitness.
164
Viruses might also subvert host miRNAs to their own benefit. For example, in American eastern , 2013) . Interestingly, this study showed that these same binding sites in the virus 3'UTR are 169 also required for efficient infection of the mosquito vector Aedes taeniorhynchus. However, it is not 170 known whether a mosquito miRNA might interact with the sequences facilitating its replication in 171 the insect host similar to the mammalian host. (Table 1) . This may 181 9 affect regulation of cellular as well as viral genes. For instance, predicted targets of four selected 182 host miRNAs affected by downregulation of Ran via BmNPV-miR-1 were mostly related to 183 immunity. In addition, targets of these miRNAs were also predicted in the viral genome. For 184 example, bmo-miR-8, which is downregulated following infection, targets the immediate early-1 185 (ie1) gene (Singh et al., 2012) . Downregulation of the miRNA is obviously to the benefit of the 186 virus. However, it remains to be elucidated how viral miRNAs are produced while the host miRNA 187 biogenesis pathway is interrupted.
188
In addition, a WNV (Kunjin strain, WNV KUN ) encoded miRNA, KUN-miR-1, derived from the (Table 1) . In a recent report, it was revealed that BmNPV 204 expresses a miRNA, bmnpv-miR-3, early in infection, which targets and regulates expression of the 205 viral DNA binding protein (P6.9) as well as other late genes (Singh et al., 2014) (Table 1) . This may 206 confer several benefits to the virus: (1) autoregulation of virus proliferation to avoid over 207 replication, (2) regulation of the expression levels of the late genes to suppress their expression 208 early in infection, (3) modulation of the host immune response by regulating virus proliferation. In 209 regards to the latter, the investigators showed that virus load correlates with expression levels of the 210 AMP gloverin, which has been shown to be upregulated upon baculovirus infection and inactivates 211 budded viruses (Moreno-Habel et al., 2012) .
212
A miRNA from the baculovirus AcMNPV, AcMNPV-miR-1, was found to be expressed from the showing 100% complementarity since it is expressed on the complementary strand of the miRNA.
221
Validation experiments confirmed that AcMNPV-miR-1 causes cleavage of ODV-E25 mRNA and 222 its higher expression levels coincided with reduced levels of the target mRNA levels. Notably, 223 using AcMNPV-miR-1 mimic, it was found that the small RNA had no effect on budded virus 224 production but affected their infectivity by reducing production of ODV-E25 (Chen et al., 2012) . 225 Furthermore, the mimic increased ODV formation, and inhibition of AcMNPV-miR-1 dramatically 226 reduced the number of occluded ODVs. This implied that the miRNA promotes ODV formation.
227
In another example, a functional viral small RNA (DENV-vsRNA-5) produced from a stem-loop of 228 DENV-2 3'UTR was found in virus-infected Ae. aegypti mosquitoes and cell lines. The vsRNA was 229 shown to target the virus genome at NS1 gene region (Hussain and Asgari, 2014) (Table 1) .
230
Synthetic RNA inhibitor or mimic of DENV-vsRNA-5 resulted in significant increases or decrease 231 in viral replication, respectively. The autoregulation of virus replication may facilitate low but 232 transmissible level of virus infection in the mosquito vector.
233
In a number of vertebrate herpesviruses, it has been shown that virus-encoded miRNAs are 234 important in switching between lytic and latent phases (reviewed in Cullen, 2011). In insect viruses, 235 Heliothis zea nudivirus (HzNV-1) expresses only one non-protein coding gene, the persistency-236 associated gene 1 (pag1), during the latency phase (Wu et al., 2011) (Table 1) . Two miRNAs 237 encoded by pag1 were shown to downregulate the viral early gene hhi1, which allows the virus to 238 enter the latent infection stage in cell culture. In the absence of the pag1 gene, the virus does not 239 enter latency phase. It will be interesting to find out whether virus-encoded miRNAs play any role 240 in latency or persistent infection observed in other insect viruses. 
Bacterial infection can modulate host miRNAs in insects 242
A number of studies have revealed that similar to viruses bacterial infections can lead to changes in Hussain et al., 2011) . In a follow-up study, aae-miR-2940 was found to negatively regulate the 257 transcript levels of its other target, the DNA methyltransferase (AaDnmt2) (Zhang et al., 2013) .
258
Overexpression of AaDnmt2 in Wolbachia-infected mosquito cells led to significant reductions in 259 Wolbachia density, but significantly enhanced replication of DENV. This suggested that Plasmodium berghei invasion was demonstrated as Dicer-1 and Ago1 depletion in the mosquitoes 304 led to increased sensitivity of the mosquitoes to P. berghei infection (Winter et al., 2007) . However, 305 no specific miRNA was identified responsible for the effect observed. 306 One of the miRNAs whose role in insect immunity has experimentally been established is miR-8 In Aedes albopictus (C6/36) cells, the abundance of the mosquito-specific aae-miR-2940 was 320 shown to be selectively reduced following WNV KUN infection, a flavivirus (Slonchak et al., 2014) . 
328
In Ae. aegypti, two immune related genes, cactus and REL1, were found to be the target of a blood 329 meal induced miRNA, aae-miR-375 (Hussain et al., 2013b) . Interestingly, cactus, which is an 330 inhibitor of the Toll pathway, was positively regulated by aae-miR-375, whereas REL1, which is an 331 activator of AMPs, was downregulated by the same miRNA. The increase in cactus and decrease in 332 REL1 was found to have a positive effect on DENV replication since AMPs have been shown to 333 negatively affect DENV (Luplertlop et al., 2012; Xia et al., 2008) . Coincidence of negative 334 regulation of AMPs upon blood feeding may provide a fitness advantage for the virus.
335
Finally, it is well-known that immune related genes evolve faster than non-immune genes due to 336 constant evolutionarily pressures on hosts to neutralize pathogen novelties. Interestingly, when 337 15 analysing 50 genes involved in the Drosophila Toll and Imd signalling pathways, Han et al realized 338 a strong negative correlation between the rate of evolution of the immune proteins and the number 339 of their regulatory miRNAs, suggesting that genes regulated by more miRNAs evolve slower due to 340 stronger functional constraints (Han et al., 2013) . This suggests the role of miRNAs in the evolution 341 of immune related genes in insects. have been a number of publications on the role of these small RNAs in host-pathogen interactions.
347
As an initial step towards understanding their role in the interactions, the majority of investigators 348 have focused on the effect of infection on the host miRNA profile with several being identified as 349 differentially abundant miRNAs. It is of great interest to see these efforts to be followed up by 
